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Preface 


The  purpose  of  this  study  was  to  gain  an  understanding  of  the 
characteristics  of  photoacoustic  signals  generated  at  the  surfaces  of 
condensed  materials.  The  results  of  a  systematic  study  of  the  sound 
generation  mechanism,  the  propagation  characteristics  of  the  sound,  and 
the  effects  of  different  materials  upon  sound  production  are  reported 
in  this  thesis.  These  data  are  required  in  the  development  of  non- 
contact  flame  thermometry  measurements. 

For  this  research  the  model  for  peak  pressure  of  a  photoacoustic 
signal,  developed  by  Patel  and  Tam  for  liquids,  was  employed.  Several 

aspects  of  the  model  were  verified  for  solids  including  the  dependence 

of  the  peak  sound  pressure  upon  the  radial  displacement  from  the  sur¬ 
face,  the  pump-laser  power  level,  the  absorption  coefficient,  and  the 
specific  heat  of  the  material.  Numerous  material  samples  were  examined 
for  sound  production  qualities.  For  measurements  of  sound  pressure, 
the  photoacoustic  deflection  spectroscopy  technique  which  makes  use  of 
a  HeNe  laser  was  employed  throughout  the  research. 

In  performing  the  experiments  and  writing  this  thesis,  I  have  had 

a  great  deal  of  help  from  others.  I  am  deeply  indebted  to  my  sponsor. 

Dr.  Larry  P.  Goss,  for  his  guidance  throughout  this  project.  I  also 
wish  to  thank  my  thesis  advisor.  Prof.  Won  B.  Roh,  for  his  continuous 
interest,  support,  and  guidance.  A  word  of  thanks  goes  also  to  Mr. 
Darryl  Trump  for  his  help  on  equipment  preparations  and  to  Mrs.  Marian 
Whitaker  for  preparation  of  the  manuscript  and  help  with  the 
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Abstract 

The  purpose  of  this  investigation  was  to  determine  the  character¬ 
istics  of  the  photoacoustic  signal  generated  from  the  surface  of  a 
solid  material.  The  important  characteristics  considered  were  the 
dependence  of  the  signal  upon  1)  the  pump-laser  power  level,  2)  the 
absorption  coefficient  and  specific  heat  of  the  material,  3)  the  radial 
and  axial  sound  distribution,  and  4)  the  sound  distribution  with  laser 
focal  characteristics. 

The  model  of  peak  sound  pressure  for  the  photoacoustic  effect 
employed  in  this  study  was  developed  by  Patel  and  Tam  for  liquids.  The 
divergence  angles  of  cylindrical  and  spherical  sound  waves  were  calcu¬ 
lated  by  means  of  the  lateral  sound  pressure  distribution.  The  optimum 
sound-producing  material  was  determined  by  investigating  numerous 
material  samples.  Throughout  the  study  the  peak  pressure  of  the  photo¬ 
acoustic  sound  pulse  was  measured  through  the  use  of  the  linear  deflec¬ 
tion  of  a  HeNe  probe  beam. 

The  results  of  this  investigation  indicate  that  the  Patel  model 
for  the  peak  pressure  of  a  photoacoustic  signal  gives  an  adequate 
description  of  the  dependence  of  the  sound  pressure  upon  radial  dis¬ 
tance  and  pump-laser  power  level.  However,  the  dependence  of  the  sound 
pressure  upon  the  absorption  coefficient  and  the  specific  heat  of  a 
material  could  not  be  verified  due  to  the  unavailability  of  absorption 


coefficients  of  the  materials  studied  at  the  Nd:YAG  laser  frequency. 

The  results  of  this  study  indicate  that  a  cylindrical  wave  generated  by 
titanium  is  optimum  for  applications  to  the  measurement  of  flame  tem¬ 
peratures.  The  dependence  of  the  sound  pressure  upon  the  pump-laser 
pulse  width  was  not  studied. 


EXPERIMENTAL  INVESTIGATION  OF  THE  PULSED  PHOTOACOUSTIC  EFFECT 


PRODUCED  ON  A  SOLID  SURFACE 


I.  Introduction 


Background 

In  1880,  Alexander  Graham  Bell  discovered  that  when  a  periodic¬ 
ally  interrupted  beam  of  sunlight  shines  on  a  solid  in  an  enclosed 
cell,  an  audible  sound  can  be  heard  by  means  of  a  hearing  tube  attached 
to  the  cell.  Subsequent  to  Bell's  discovery,  Tyndall  and  Rontgen 
showed  that  an  acoustic  signal  can  also  be  produced  when  a  gas  in  an 
enclosed  cell  is  illuminated  with  chopped  light.  Bell's  subsequent 
experiments,  reported  in  1881,  with  a  variety  of  solids,  liquids,  and 
gases  generated  a  brief  flurry  of  interest.  The  photoacoustic  effect, 
however,  was  regarded  as  a  curiosity  of  no  practical  value  and  was  soon 
forgotten.  Fifty  years  later  the  photoacoustic  or  optoacoustic  effect 
of  gases  was  re-examined.  It  has  since  become  a  well-established  tech¬ 
nique  for  gas  analysis  and  is  well  understood.  Photons  absorbed  by  the 
gas  are  converted  to  kinetic  energy,  giving  rise  to  pressure  fluctua¬ 
tions  within  the  cel  1 . 

The  photoacoustic  effect  with  solids  was  ignored  for  more  than  90 
years;  however,  about  10  years  ago,  interest  in  this  effect  was  revived 
with  its  development  as  a  useful  technique  for  spectroscopic  investiga¬ 
tion  of  solid  and  semisolid  materials  (1:305-308;  2:657-658;  3:548-549; 
4:592A-604A) .  A  satisfactory  explanation  for  the  effect  in  solids  has 


1 


been  developed,  and  the  name  has  been  changed  from  optoacoustic  to  pho¬ 
toacoustic  to  reduce  confusion  with  the  acousto-optic  effect  by  which  a 
laser  beam  is  deflected  by  acoustic  waves  in  a  crystal. 

In  photoacoustic  spectroscopy  IPAS]  of  solids,  the  sample  to  be 
studied  is  placed  inside  a  closed  cell  containing  a  gas,  such  as  air, 
and  a  sensitive  gas-phase  microphone.  The  sample  is  then  illuminated 
with  chopped  monochromatic  light.  The  analog  signal  from  the  micro¬ 
phone  is  amplified  and  recorded  as  a  function  of  the  wavelength  of  the 
incident  light.  In  this  way  photoacoustic  spectra  are  obtained  which 
correspond  to  the  optical  absorption  spectra  of  the  solids. 

The  field  of  photoacoustic  spectroscopy  of  condensed  matter  has 
undergone  tremendous  growth  in  the  last  ten  years.  Hordvik  (5:2877- 
2833;  6:101-107;  7:2919-2924),  Robin  (8:131-138;  9:4822-4825), 
Rosencwaig(l:305-308;  4:592A-604A;  10:1133-1137;  11:64-69),  and  Samoano 
(12:128-134)  have  reviewed  various  aspects  of  the  field,  and  Pao  (13) 
has  edited  a  book  on  the  subject.  Analytical  studies  of  the  dependence 
of  the  signal  upon  chopping  frequency,  absorption  coefficient,  and 
thermal  properties  have  been  carried  out,  for  example,  by  Rosencwaig 
and  Gersho  (11:64-69),  Aamodt  and  coworkers  (14:927-933;  15:3502-3509; 
16:3036-3045),  and  McDonald  and  Wetsel  (17:2313-2322).  However,  the 
gas-phase  microphone  technique  fo»  .crdensed  samples  relies  upon  inef¬ 
ficient  thermal  diffusion  into  the  gas  and  can  be  viewed  actually  as  a 
photothermal  technique  rather  than  a  photoacoustic  one  since  the  acous¬ 
tic  signal  generated  in  the  sample  plays  only  a  minor  role.  Thus,  this 
technique  has  low  sensitivity. 

In  1979  Patel  and  Tam  (18:467-470)  demonstrated  a  highly  sensitive 
pulsed  photoacoustic  spectroscopy  technique  involving  the  use  of  pulsed 


lasers,  a  piezoelectric  transducer  in  direct  contact  with  the  liquid 
sample,  and  a  gated  detector.  This  technique  provided  the  first  truly 
photoacoustic  measurement  because  the  original  acoustic  pulse  generated 
in  the  condensed  sample  was  directly  detected  by  a  piezoelectric  trans¬ 
ducer. 

Photoacoustic  techniques  have  recently  received  attention  in  the 
area  of  combustion  diagnostics,  where  the  goal  is  to  understand  the 
basic  fluid  and  chemical  properties  of  combustion.  Newly  developed 
combustion-diagnostic  techniques  which  have  high  sensitivity  to  minor 
flame  species  include  photoacoustic  spectroscopy  (19:118-120; 
20:2133-2140),  photoacoustic-deflection  spectroscopy  [PADS] 
(21:781-784),  and  photothermal -deflection  spectroscopy  [PTDS] 
(22:2663-2665;  23:1333-1344). 

One  of  the  interesting  applications  of  the  photoacoustic  technique 
is  the  non-contact  flame  temperature  measurement,  which  was  first 
demonstrated  by  Zapka,  Pokrowsky,  and  Tam  (24:477-479)  in  1982.  In 
this  method  an  intense  sound  pulse  was  generated  by  a  plasma  spark 
created  by  focusing  an  intense  1064-nm,  10-ns  Nd:YAG  laser.  Two  probe 
beams  were  employed  to  monitor  the  speed  of  the  sound  pulse  over  a  dis¬ 
tance  defined  by  the  probe-beam  separation.  Since  the  velocity  of 
sound  varies  linearly  with  the  square  root  of  the  temperature,  the  tem¬ 
perature  can  be  determined  from  the  sound  transit  time. 

Earlier  this  year,  Kizirnis,  Brecha,  Ganguly,  Goss,  and  Gupta 
(25:3873-3881)  employed  a  small  wire  for  sound  production  as  an  alter¬ 
native  to  sound  generation  by  gas  breakdown.  This  is  preferable  since 
the  spark  blast  wave  generated  by  the  gas  breakdown  can  greatly  disrupt 
the  flow  and,  in  the  case  of  unburnt  fuel  and  air  mixture,  can  even 
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cause  ignition  of  the  gases.  Use  of  a  wire  target  reduced  the  pertur¬ 
bation  of  the  flame  and  the  requirements  for  high  peak  powers.  The 
sound  pulse  produced  with  a  wire  target  is  of  sufficient  amplitude  to 
permit  thermometry  with  laser  powers  as  low  as  2  mJ/pulse.  The  lower 
energy  requirement  means  that  the  method  can  be  extended  to  high- 
frequency  thermometry  since  low-power  high-repetition-rate  lasers  exist 
today  which  can  be  employed  for  this  purpose.  This  is  extremely  impor¬ 
tant  in  the  study  of  turbulence  and  the  effects  of  turbulence  upon  com¬ 
bustion  chemistry  since  measurements  can  be  made  which  track  the 
temperature  change  with  time.  Presently  only  10-30  Hz  nonintrusive 
laser-based  techniques  are  available  for  thermometry. 

This  thesis  study  was  conducted  specifically  to  verify  the  sound- 
production  mechanisms  of  solid  target  materials  by  focused  laser 
sources  in  order  to  extend  the  capabilties  of  acoustic-based  diagnostic 
techniques.  By  conducting  a  systematic  study  of  the  sound-generation 
mechanisms,  the  propagation  characteristics  of  the  sound  pulse  and  the 
effect  of  varying  the  target  material  can  be  determined,  the  optimum 
target  material  can  be  found,  the  optimum  configuration  for  maximum 
spatial  resolution  can  be  realized,  and  the  diagnostic  techniques  based 
on  acoustic  propagation  can  be  further  developed. 

Although  Kizirnis  used  a  wire  target  as  a  sound  source,  a  syste¬ 
matic  study  of  the  sound-generation  mechanism,  the  propagation  char¬ 
acteristics  of  the  sound,  or  the  effect  of  different  materials  on  sound 
production  was  not  conducted.  By  verifying  the  present  theory  of  pho¬ 
toacoustic  signal  generation  and  investigating  the  characteristics  of 
the  sound  pulses,  this  technique  can  be  further  developed. 


The  main  purpose  of  this  study  was  to  test  the  model  developed  by 
Patel  and  Tam  (26:518-522)  for  predicting  the  peak  sound  pressure  gen¬ 
erated  by  high-power  Q-switched  lasers.  Since  this  model  was  developed 
for  liquids  and  has  not  been  tested  for  solid  materials,  this  study  was 
undertaken  to  evaluate  the  applicability  of  the  model  for  solids.  By 
using  the  photoacoustic-deflection-spectroscopy  technique,  the  peak 
amplitudes  of  the  sound  pulses  were  measured  under  a  variety  of  con¬ 
ditions.  Since  the  measured  values  were  not  calibrated,  all  the  values 
of  the  peak  amplitudes  of  the  sound  pulses  are  relative.  In  particu¬ 
lar,  the  model  was  tested  for  the  dependence  of  the  sound  pressure  upon 
the  radial  distance,  the  pump-laser  power,  the  absorption  coefficients, 
and  the  specific  heats  of  the  target  materials  used  for  sound  produc¬ 
tion.  Since  the  pulse  width  of  the  Nd:YAG  laser  was  fixed,  the  depen¬ 
dence  upon  the  pulse  width  of  the  pump  laser  could  not  be  studied. 
Although  the  model  was  developed  specifically  for  the  case  of  cylindri¬ 
cal  sound  propagation  from  a  line  source,  the  case  of  spherical  sound 
propagation  was  examined  also. 

Other  important  experiments  which  were  conducted  include  amplitude 
distributions  of  the  spherical  and  cylindrical  sound  waves  and  selec¬ 
tion  of  the  optimum  material  for  sound  generation.  These  experiments 
are  important  to  the  photoacoustic-deflection  thermometry  technique 
because  of  spatial -resolution  requirements  and  need  for  materials  which 
can  produce  large  sound  peaks  with  minimum  laser  power  and  withstand 
flame  temperatures. 


Numerous  Investigators  have  studied  the  problem  of  photoacoustic 
signal  generation  in  a  liquid  or  in  a  solid  arising  from  the  absorption 
of  a  light  beam.  Most  studies  treated  the  case  of  surface  heating  by  a 
pulsed  laser  [for  example,  Askarayan  and  co-workers  (27:1463-1465), 

Bell  and  Landt  (28:46-68),  Bushanam  and  Barnes  (29:2074-2082),  Emmony 
and  co-workers  (30:547-549),  Gordienko  and  co-workers  (31:73-74), 
Gournay  (32:1322-1330),  Von  Gutfeld  and  Budd  (33:617-619),  Sigrist  and 
Kneubuhl  (34:1652-1663),  and  White  (35:3558-3567)].  Other  investiga¬ 
tors  (36:67-71;  13:193-238)  have  treated  the  case  of  the  steady-state 
solution  for  a  sinusoidally  modulated  light  beam  in  such  a  way  that  all 
time-varying  quantities  have  the  exp(iwt)  form.  These  studies  were 
followed  by  those  of  Patel  and  Tam  who  were  primarily  interested  in  the 
case  where  the  time-dependent  signal  is  due  to  pulsed  excitation  with 
low  optical  absorption  (i.e.,  a  sample  that  is  highly  transparent  to 
light).  Although  this  research  was  not  directly  related  to  transparent 
material  such  as  water,  the  equation  for  the  sound  signal  generated  by 
a  solid  and  propagated  through  air  was  verified.  Their  work  is  most 
directly  related  to  the  use  of  pulsed  photoacoustic  spectroscopy  for 
measuring  weak  absorption  in  condensed  matter.  This  case  has  been 
treated  by  a  few  investigators  (37:98-99;  38:3348-3358)  with  varying 
degrees  of  mathematical  rigor.  It  is  interesting  that  in  each  of  the 
three  different  cases  mentioned  above  (surface  absorption  of  a  pulsed 
laser,  steady-state  solution  for  a  sinusoidally  modulated  light  beam. 


and  weak  bulk  absorption  of  a  pulsed  laser),  the  solution  is  character 
ized  by  the  following  form: 


Bv  o 

const  r 
LP 


(1) 


where  PQ  is  the  acoustic  pressure  amplitude  developed,  EQ  is  the  laser 
energy  per  pulse  or  per  cycle,  6  is  the  thermal  expansion  coefficient, 
Cp  is  the  specific  heat  at  constant  pressure,  is  acoustic  velocity, 
and  a  is  the  optical  absorption  coefficient  of  the  medium.  The  case  of 
weak  bulk  absorption  of  a  pulsed  laser  beam  will  now  be  considered  in 
greater  detail. 

Consider  a  thin  cylinder  of  a  liquid,  illustrated  in  Fig.  1  (or 
solid  if  only  longitudinal  waves  are  considered),  of  length  Z  and  opti¬ 
cal  absorption  coefficient  a,  irradiated  by  a  laser  pulse  of  duration 
Tp  =  2t  and  pulse  energy  EQ.  The  case  of  weak  absorption,  i.e., 
al  «  1,  where  the  absorbed  energy  EQaJl  is  distributed  uniformly  along 
th»  length  Z,  is  of  primary  interest  in  this  theory.  In  this  case  the 
weak  absorption  results  in  a  cylindrical  wave  produced  by  the  thin 
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Figure  1.  Theoretical  Calculation  of  the  Pulsed  PA  Effect 


cylindrical  volume.  Here,  the  acoustic  pressure  P(r,t)  at  an  observa¬ 
tion  point  is  examined  as  a  function  of  the  radial  distance  r  and  time 
t.  Since  the  acoustic  source  is  assumed  to  be  a  long  thin  cylinder, 
the  only  spatially  dependent  variable  is  r. 

Phenomenological  Description  of  PA  Signal  Generation.  The  genera¬ 
tion  of  a  photoacoustic  signal  relies  upon  the  conversion  of  absorbed 
optical  radiation  into  heat  through  nonradiative  relaxation  processes. 
Rigorous  derivation  of  acoustic  pulse  generation  following  the  absorp¬ 
tion  of  a  pulsed  beam  of  optical  radiation  is  described  in  the  next 
section.  The  phenomenological  description,  which  will  be  given  here, 
contains  most  of  the  physics  underlying  photoacoustic  signal  genera¬ 
tion.  The  key  parameter  is  the  rapid  conversion  of  the  absorbed  energy 
into  heat  by  nonradiative  relaxation  processes.  Figure  1  shows  schema¬ 
tically  a  laser  beam  of  radius  R  traveling  in  a  cell  containing  a  pie¬ 
zoelectric  transducer.  It  is  assumed  that  the  laser  pulse  length  xp  is 
much  longer  than  the  nonradiative  relaxation  time  xNR  and  the  time  xfl 
required  for  an  acoustic  pulse  to  travel  across  the  laser-illuminated 


region  in  the  liquid,  i.e.. 


Tp  ~  tNR 


x  »^Ex 
p  vfl  a 


where  v  is  the  acoustic  velocity  in  the  medium.  Also  the  laser  pulse 
is  assumed  to  be  much  longer  than  the  response  time  of  the  piezoelectric 


transducer,  x„,*,  i.e.. 


Under  these  conditions  the  energy  absorbed  by  the  medium  having  absorp¬ 
tion  coefficient  a  and  length  l  is  given  by 


Eabs  ‘  V1  * 


where  EQ  is  the  input  laser  pulse  energy.  For  a£  «  1,  a  situation  to 


be  examined. 


E  .  'v  E  d 
abs  o 


Since  it  is  assumed  that  nonradiative  relaxation  predominates  in  the 
medium,  the  thermal  energy  E+.  is  given  by 


Eth  =  Eabs  =  Eo“E 


Knowing  the  specific  heat  at  constant  pressure  Cp,  the  temperature  rise 
AT  of  the  illuminated  volume  can  be  evaluated  from 


Eth  ■ 


where  V  is  the  illuminated  volume  and  p  is  the  density  of  the  medium. 


Since 


V  =  irRt£ 


the  temperature  rise  is 


ttR  CpP 
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Now  if  one  assumes  adiabatic,  isobaric  expansion,  the  new  volume  of  the 
illuminated  region  can  be  calculated.  With  AR  being  the  increase  in  the 
radius  of  the  illuminated  volume, 


RB 


a 


ttR2£  -  7T ( R  +  AR)2£  =  6VAT 


where  0  is  the  volumetric  expansion  coefficient.  If  AR  «  R,  the 
increased  radius  is 


(ID 


AR  'V/ 


1 


Inserting  AT  from  Eq.  (10), 


AR  = 


jRBAT 


Eoae 

2nRCpp 


(12) 


(13) 


This  expansion  creates  a  pressure  wave  which  travels  radially  out¬ 
ward  from  the  illuminated  cylinder  at  the  velocity  of  sound.  The  change 
in  pressure  P  created  at  a  point  is  related  to  the  frequency  of  the 
sound  wave  f  and  the  displacement  Ay  through 

a 


p  =  27TfavaAXP 


But  Ay  is  proportional  to  AR  evaluated  in  Eq.  (12). 
Ax  =  const  x  AR  and 

f  0v 

r,  .  a  a  r- 

P  -  const. —  ■jt —  E^cx 


(14) 


Thus, 


(15) 


For  a  fixed  geometry  of  laser  illumination  and  properties,  f  and  R  are 

a 

constant.  Therefore, 


I 


(16) 


&va 

P  =  const. 75-=-  E  a 
cp  0 

Since  the  electrical  signal  output  from  a  piezoelectric  or  deflection 
transducer  is  given  by 

Vpa  =  const. x  p  (17) 

one  obtains 

vpa  =  K'c^Eo“  <18> 

where  K'  is  a  constant  that  includes  the  geometrical  parameters  as  well 
as  the  response  properties  of  the  piezoelectric  transducer.  Then,  the 
normalized  photoacoustic  signal  S  is 

Voa 

S  =  c21  =  K'  (19) 

0  °p 

=  Ka  (20) 

Thus,  a  measurement  of  the  normalized  photoacoustic  signal  for  a  given 
material  gives  direct  information  regarding  the  absorption  coefficient 
a.  Equation  (19)  contains  most  of  the  important  parameters  necessary 
for  the  practical  use  of  photoacoustic  spectroscopy  for  quantitative 
measurements  of  small  absorption  coefficients  in  condensed  matter,  but 
it  does  not  provide  any  information  regarding  the  temporal  or  spatial 
distribution  of  the  photoacoustic  output  pulse.  The  detailed  deriva¬ 
tion  will  be  discussed  below. 


Rigorous  Description  of  PA  Signal  Generation.  In  a  more  rigorous 
treatment  of  photoacoustic  pulse  generation,  a  potential  function  4i(r,t) 
is  used  to  define  the  acoustic  field,  with  the  acoustic  velocity  V  and 
pressure  P  given  by 

Va  *  V<f>  (21) 

and 

P  =  -P  1$-  (22) 


For  the  case  of  a  long  thin  cylinder  generating  an  acoustic  wave  due  to 
the  time-dependent  expansion  of  the  cylinder,  Landau  and  Lifshitz 
(39:283)  have  shown  that  the  potential  <J>  is  given  by 


4>(r,t)  =  - 


.J.  r 

2tt 


t-( r/va )  S( t * )dt ' 

l.*U  -  f)Z  - 


(23) 


where  S(t')  is  the  time  derivative  of  the  cross-sectional  area  S(t')  of 
the  cylindrical  source  at  retarded  time  t‘,  i.e.. 


S(t ' )  =  7T  [R  +  AR(t'  }]2 
n,  itR2  +  27iRAR(t' ) 


(24) 


Here  R  is  the  unperturbed  radius  of  the  cylindrical  source  and  AR(t')  is 
the  expansion  at  time  t'  due  to  the  laser  pulse.  The  value  of  AR(t')  is 
always  many  orders  of  magnitude  smaller  than  R  for  cases  of  interest. 

The  pressure  of  the  sound  pulses  will  be  derived  using  Eq.  (22). 
Since  the  limit  of  integration  in  Eq.  (23)  is  t  dependent,  it  is 
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convenient  to  change  variables,  using  t"  =  [ t  -  t '  -  (r/v  )]  in  Eq.  (23) 

a 

before  differentiation  and  then  change  back  to  t'  after  differentiation. 
Thus,  the  potential  function  becomes 


'0 


<j>(r  t)  =  f 

1  j  2*  I(v  t"  +  r)2  -  r2!1/2 


S(1  -  t"  -  f-  ) 

a  dt" 


(25) 


and,  hence,  the  pressure  P  is 


P(r.t)  ■  Ji'(r/Va) 


S( t)dt 1 


2tt 


[va(t 


t*)‘ 


2  1/2 
-  r  ] 


(26) 


By  using  Eq.  (24),  the  pressure  distribution  becomes 


P(r,t) 


pVa  f  t-(r/va) 
2tt  ■'-<» 


2TTRAR(t'  )dt' 

y- 


iv;(t  -  t ■ ) 

a 


-  r 


?J72 


(27) 


Equation  (27)  is  the  basic  "causality  expression"  relating  the  pressure 
at  the  observation  point  and  the  time  derivative  of  the  velocity  of 
expansion  of  the  source  at  retarded  times. 

To  proceed  further,  some  simple  forms  for  AR(t')  are  needed.  It  is 


assumed  that  the  time  dependence  of  the  pulsed  laser  irradiation  can  be 
approximated  by  a  Gaussian  centered  at  t"  =  0,  with  width  2t  and  total 
energy  E  : 


(28) 


dE(t')  _  Eo  -(t'/i )2 


1/2 
7T  T 


where  E(t')  is  the  integrated  laser  energy  up  to  time  t'  and  E(°°)  =  EQ. 
When  one  neglects  heat  diffusion  from  che  cylindrical  source  volume  dur 
ing  the  duration  of  the  laser  pulse,  the  volume  expansion  of  the  source 


at  t1  goes  to 


TT fR  +  AR(t)]2  -  ttR2  =  BaE(t')/(pC  ) 


When  the  laser  pulse  is  long  compared  to  the  acoustic  transit  time 
across  the  cylindrical  optical  beam  in  a  liquid,  the  local  pressure 
equilibrium  is  maintained  and  one  can  apply  the  specific  heat  at  a  con¬ 
stant  pressure.  Heat  diffusion  is  always  negligible,  since  the  diffu¬ 
sion  length  in  a  time  interval  t  is  given  by 


Wf  -  <*D> 


where  D  is  the  thermal  diffusivity.  By  neglecting  the  AR^(t')  term  in 
Eq.  (29) ,  one  obtains 


27iRAR(f)  -  BaE(t')/(pCp) 


By  combining  Eqs.  (28)  and  (31), 


2ttRAR(  f )  =  ^  e- ( 1 ' /T  ^ 2 


Substituting  this  equation  into  Eq.  (27) 


7t(tt)  '  CpT 


iv  ( t  -  t')  -  r  1 

d 


One  may  refer  to  Eq.  (33)  as  the  pulsed  photoacoustic  equation,  relating 
the  transient  acoustic  pressure  P  at  the  observation  point  to  the 
retarded  time  development  of  the  laser  pulse.  This  equation  has  the 
form  indicated  in  Eq.(l),  with  the  "const"  containing  va,  t,  and  an  r- 
dependent  retarded  time  integral. 

Simplification  of  Eq.  (33)  is  possible  for  sufficiently  large  r; 
therefore,  the  integrand  in  Eq.  (33)  is  most  important  when 
t  -  t'  'v  r/v  .  Hence,  one  can  make  the  following  approximation: 


v2(t  -  t1)2  -  r2  %  2r[v,(t  -  t’)  -  r] 

a  a 


and  Eq.  (33)  becomes 


Ptr.t,  ■  -  — x  jMr/va) 

TT(2iTr)  ^  C  t  [v  (t  "  t‘)  -  r] 

P  a 


In  Eq.  (32),  the  source  term  AR(t’)  has  the  largest  amplitude  at 
t‘  =  ±  0.7t  and  vanishes  rapidly  at  large  |t‘|.  Thus,  P(r,t)  has  the 
largest  magnitude  at  t,  ^  r/va  ±  0.7x.  Approximate  evaluation  of  the 

—  a 

integral  in  Eq.  (34)  shows  that 


P(r,tJ  ^ 


(36) 


6aE 


"V 


j  (g)’/2  5  1  P0(D 


This  is  the  equation  investigated  throughout  this  study.  Several 
interesting  observations  are  possible  with  the  pressure  amplitude  pre¬ 
dicted  in  Eq.  (36).  First,  the  compression  pulse  at  time  t_  is  fol¬ 
lowed  by  a  rarefaction  pulse  (of  nearly  equal  magnitude)  at  time  t+, 
with  the  time  interval  between  the  compression  and  rarefaction  being 
approximately  the  laser  pulse  width.  This  has  been  confirmed  by  sev¬ 
eral  investigators,  for  example,  Bunkin  and  Komissarov  (40:203-211), 
Lyamshev  and  Naugol'nykh  (41:354-355),  and  Naugol'nykh  (37:98-99). 
Secondly,  the  pressure  amplitude  P(r,t)  decreases  with  distance  as 
r"1^2,  in  accordance  with  the  conservation  of  energy  in  cylindrical 
symmetry,  as  noted  by  Landau  and  Lifshitz.  When  the  source  is  a  point, 
the  pressure  amplitude  decreases  with  distance  as  1/r,  in  accordance 
with  the  conservation  of  energy.  The  functional  dependence  of  ampli¬ 
tude  upon  r  for  both  cylindrical  and  spherical  propagation  was  veri¬ 
fied  in  the  present  study. 

Probe  Beam  Deflection  by  PA  Signals 

Jackson  and  his  coworkers  derived  the  equation  for  probe  beam 
deflection  as  a  function  of  the  index  of  refraction  (23:1335).  They 
used  the  index  of  refraction  as  a  function  of  temperature  and  neglected 
the  pressure  contribution  since,  under  the  conditions  of  their  study, 
it  was  very  small  compared  to  the  temperature  contribution.  They 
noted,  however,  that  the  pressure  contribution  to  the  index  of  refrac¬ 
tion  has  experimental  importance  at  high  frequencies,  large  probe  beam 
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offsets,  and/or  high  pump  beam  peak  powers,  which  is  the  case  in  the 
present  study.  Their  derivation  is  followed  here. 


The  index  of  refraction  as  a  function  of  pressure  is 


n(r,t)  =  nQ  +  An(r,t)  =  nQ  + 


In 

3P 


P(r,t) 


(37) 


ambient 


The  propagation  of  the  Gaussian  probe  beam  through  the  spatially  vary¬ 
ing  index  of  refraction  is  given  by  (42:2434) 


(38) 


where  rQ  is  the  perpendicular  displacement  of  the  beam  from  its  origi¬ 
nal  direction,  nQ  is  the  uniform  index  of  refraction,  and  r(r,t)  is 
the  gradient  of  the  index  of  refraction  penpendicular  to  Sr  (the  ray 
path)  (Fig.  2).  Integrating  Eq.  (38)  over  Sr  gives 


dro 

dSr 


■  rLth7!  ds, 


(39) 


J _  3n  r 

nQ  3P  •'path 


Vi  P(r,t)  dSr 


(40) 


Figure  2.  Scattering  Geometry.  Scattering  region  may  focus  the  beam 
differently  in  the  Si[  and  Spi  directions  (elliptical 
Gaussian  beams)  (From  Ref.  23) 


For  gases  (n  ^  1),  the  index  of  refraction  can  be  expressed  as 


n  ‘  1  '  KGDpgas 


where  is  the  Gladstone-Dale  constant  and  pgfls  is  the  density  of  the 
gas.  Equation  (41)  is  known  as  the  simpler  Gladstone-Dale  law 
(43:24-16).  Since  p_a_  is  linearly  proportional  to  the  pressure  of  the 
gas,  Eq.  (41)  becomes 


Therefore, 


From  Eq.  (41), 


n  -  1  =  KP 


in 

3P  "  * 


r  ■  K'  W*  P<r-t>  dSr 


since  n0  and  8n/3p  are  constant, 
measurements. 


When  the  path  is  the  same  for  all 


=  K”  P(r,t) 


Equation  (45)  indicates  that  the  displacement  of  the  probe  beam  from 
its  original  direction  is  linearly  proportional  to  the  sound  pressure. 


Detector  Response 

Deflection  of  the  probe  beam  due  to  a  change  in  the  index  of 
refraction  is  detected  by  a  position-sensitive  detector  which  converts 
the  deflection  into  an  output  voltage.  The  change  in  the  signal  AV^ 
above  the  dc  level  is  demonstrated  in  Fig.  3.  Assuming  a  Gaussian 

probe  beam. 
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Figure  3.  Probe  Spot  on  Detector 


_det  _  Al  = 
^det  ^ 


4Ax  j;-* 


exp  ( 

TTW 


(-i=)  — 

V2tt  w2 


where  Ax  =  <j>d,  d  is  the  distance  from  the  focal  spot  to  the  detector, 

I  is  the  probe  beam  intensity,  and  w2  is  the  spot  radius  on  the  detec 
tor.  Since  d  is  large, 

w2  ^  UdVCiTWj  nQ)  (47 

where  w^  is  the  probe  beam  radius  at  the  focal  spot,  \  is  the  probe 
beam  wavelength,  and  is  the  index  of  refraction  of  the  air.  Hence, 


_  4  w 


However,  4>^dro/dSr,  since  the  deflection  is  very  small.  Therefore, 


since  w^,  nQ,  X,  and  are  constant.  When  the  probe  beam  is  not 
focused,  which  is  the  case  in  the  present  study,  d  is  the  deflected 
spot  distance  from  the  detector  and  w^  is  the  probe  beam  radius  at  the 
deflected  spot.  When  the  deflected  spot  is  limited  to  one  position,  d 
and  Wj  remain  constant;  therefore,  the  voltage  change  is  still  a  linear 
function  of  displacement  of  the  probe  beam  at  the  detector. 
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III.  Experimental  Apparatus 


V) 


Pumping  Laser  Source 

A  Quanta-Ray  DCR  pulsed  Nd:YAG  laser  was  used  as  the  pumping  laser 
source,  with  the  output  beam  being  focused  at  the  surface  of  a  target 
material.  The  specifications  of  the  Nd:YAG  laser  are  listed  in  Table 
I.  Although  the  power  of  the  Nd:YAG  laser  is  adjustable,  the  middle 
range  of  operation  was  used  for  stability,  and  most  of  the  pcwe 
changes  were  accomplished  through  the  use  of  various  neutral  density 
filters.  The  beam  profile  of  this  laser  has  a  doughnut  rather  than  a 
Gaussian  shape,  and  the  intensity  is  nonuniform  throughout  the  cross 
section  of  the  beam.  Therefore,  to  achieve  a  line  source,  the  beam  was 
expanded  and  refocused  by  means  of  several  concave  and  convex  lenses. 
Only  the  Nd:YAG  oscillator  was  used  in  this  experiment  since  the  output 
pulse  energy  required  to  generate  a  sufficient  photoacoustic  signal  at 
the  target  was  6  mj. 

Probe  Beam  Laser  Source 

As  the  probe  beam  source  for  detecting  photoacoustic  signals,  the 
Spectra-Physics  Model  105  helium-neon  (HeNe)  laser  with  the  Model  205 
Power  Supply  was  used.  Its  specifications  are  listed  in  Table  II. 

\ 

Position-Sensitive  Detector 

A  Silicon  Corporation  Model  SD-380-23-21  position-sensitive  detec¬ 
tor  was  used  to  detect  the  deflection  of  the  HeNe  beam  caused  by  the 
photoacoustic  signal.  This  detector  has  four  quadrants;  the  two  ori¬ 
ented  in  the  direction  of  the  deflection  were  used  in  the  present 
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TABLE  I 

Product  Specifications  of  Quanta-Ray 
DCR  Pulsed  Nd:YAG  Laser 


Parameter 

Specification 

Wavelenqth 

1,064  nm 

Pulse  Width 

10  nsec. 

Pulse  Energy 

Pulse  Energy  Stability 

1% 

Beam  Diameter 

6.4  mm 

Beam  Divergence 

0.5  mrad 

Optimum  Pulse  Repetition  Rate 

10  pulse/sec. 

Output  Pulse  Time  Jitter 

Spatial  Mode 

Unstable  resonator, 
uniphase,  near  dif¬ 
fraction  limited 

Linewidth  at  1,064  nm 

<  1  cm’* 

Averaqe  Power  Stability 

5%  per  10  hr. 

Beam  Pointinq  Stability 

<  0.5  mrad 

Figure  4.  Structure  of  the  SD-380-23-21  Position-Sensitive 
Detector;  (a)  Top  View,  (b)  Bottom  View 

(Model  7D20)  and  triggered  by  the  Q-switch  pulse  from  the  Nd:YAG  laser. 

In  most  cases  the  signals  from  the  detector  were  stored  in  the  digitizer 
and  averaged  over  about  250  pulses.  Accurate  measurements  of  the  dis¬ 
played  signal  amplitude  (referenced  to  ground)  and  time  (referenced  to 
trigger  position)  were  made  using  the  internal  memory  of  the  digitizer. 

Power  and  Energy  Meter 

A  Scientech  Model  362  Power  Meter  was  used  to  measure  the  output 
energy  from  the  Nd:YAG  laser.  Its  specifications  are  listed  in  Table  IV. 


IV.  Experimental  Procedure 


Experimental  Setup 

As  shown  in  Fig.  5,  the  Quanta  Ray  DCR  pulsed  Nd:YAG  laser  beam  was 
focused  at  the  surface  of  the  target  material.  The  output  of  the  unsta¬ 
ble  resonator  of  the  Nd:YAG  laser  is  a  few  times  diffraction  limited  and 
can  be  easily  focused  to  a  point.  However,  using  the  unstable  resonator 
to  make  a  focal  line  at  the  surface  of  the  target  was  very  difficult. 
Several  convex  and  concave  spherical  and  cylindrical  lenses  were  used 
for  this  purpose.  The  most  uniform  portion  of  the  line  source  was 
selected  by  placing  an  adjustable  aperture  after  the  optical  arrange¬ 
ment.  The  target  surface  was  placed  perpendicular  to  the  Nd:YAG  beam. 
The  power  meter  was  located  behind  the  target  material  which  was 
removed  when  a  power  measurement  was  made. 

As  shown  in  Fig.  6,  the  HeNe  laser  and  the  position-sensitive 
detector  were  mounted  on  an  optical  rail  which  could  be  moved  laterally 
or  radially.  The  position  of  the  detector  was  adjusted  to  achieve  the 
maximum  response  by  means  of  a  translation  stage.  The  detector  was 
apertured  to  prevent  the  detection  of  scattered  light  from  the  Nd:YAG 
beam. 

The  acoustic  wave  generated  by  the  absorption  of  the  pump  beam  at 
the  surface  of  the  target  material  deflects  the  probe  beam  by  an  amount 
which  is  related  linearly  to  the  sound  pressure  (23:1333-1344).  There¬ 
fore,  by  measuring  the  deflection  at  different  points  with  a  position- 
sensitive  detector,  one  can  determine  the  relative  peak  pressure  of  the 
sounds  at  those  points.  The  signal  from  the  position-sensitive  detector 
was  displayed  on  the  digitizing  oscilloscope,  as  shown  in  Fig.  7;  250 
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Figure  7.  HeNe  Probe  Beam  Deflection 
Displayed  on  Oscilloscope 


pulses  were  stored  and  averaged  by  the  digitizer  at  one  measurement 
point,  and  this  value  was  normalized  to  a  reference  point. 

Masking  Effect  on  the  Probe  Beam 


One  major  drawback  of  using  HeNe  laser  deflection  for  measuring  the 
sound  pressure  is  the  fact  that  this  deflection  method  is  a  line-of- 
sight  technique.  The  index-of-refraction  gradient  produced  by  the 
intense  sound  can  deflect  the  beam  at  any  point  between  the  laser  source 
and  position  detector.  This  is  a  problem  when  measuring  a  sound  distri¬ 
bution  which  diverges  from  the  sound  source,  as  is  the  case  with  a  point 
source.  If  the  sound  diverges  radially,  a  larger  area  of  the  probe  beam 
is  intersected  at  farther  radial  positions,  resulting  in  the  measured 


acoustic  signal  depending  not  only  upon  the  pressure  amplitude  but  also 
upon  the  intersected  area  of  the  probe  beam. 


The  model  of  Patel  and  Tam  which  is  used  to  predict  the  sound  pres 
sure  radial  distribution  does  not  account  for  this  feature.  To  circum¬ 
vent  this  problem  a  mask  was  placed  between  the  sound  source  and  the 
HeNe  probe  laser  which  fixed  the  area  over  which  the  pressure  wave 
interacted  with  the  probe  laser.  This  eliminated  the  line-of-sight 
problem,  as  demonstrated  in  the  results  section. 

The  line-of-sight  nature  of  the  deflection  technique  was  not  a 
problem  with  a  cylindrical  sound  source  since  the  radial  divergence  of 
this  source  is  quite  small  and,  thus,  the  measurement  area  of  the  probe 
beam  remains  constant. 


Verification  of  Radial  Distance  Relation  of  PA  Signal 

By  measuring  the  amplitudes  of  the  sound  pulses  at  different  radial 
positions,  the  radial-distance  dependence  of  the  sound  propagation  was 
verified.  This  measurement  was  made  for  point  sources  and  line  sources. 
Since  the  amplitude  of  the  sound  pulses  decreases  gradually  with  time,  a 
reference  point  was  chosen  and  each  measurement  was  compared  with  the 
averaged  reference  value. 

This  experiment  was  performed  with  and  without  a  mask  to  confirm 
the  masking  effect,  and  the  two  sets  of  data  were  compared.  A  steel 
target  was  used  in  this  measurement. 

Lateral  Amplitude  Distribution  of  PA  Signal 

By  moving  the  detection  system  laterally,  while  keeping  the  radial 
distance  constant,  the  lateral  amplitude  distributions  of  the  PA  signals 
for  a  point  source  and  several  line  sources  were  determined.  When 


moving  the  detection  system  laterally,  the  apparent  size  of  the  aperture 
in  the  mask  changes  and  the  sound  pulse  does  not  pass  through  the  probe 
beam  perpendicularly.  However,  both  of  these  effects  were  neglected 
because  the  radial  distance  was  large  and  the  distance  over  which  the 
detection  system  moved  was  small. 

Verification  of  Pump-Laser  Power  Dependence 

In  this  experiment  the  experimental  apparatus  remained  stationary, 
while  the  power  of  the  Nd:YAG  laser  was  varied.  Each  data  point  was  an 
average  of  250  pulses  at  a  given  power  level.  For  every  subsequent  data 
point,  the  target  was  moved  axially  to  eliminate  the  ill  effects  of  the 
previous  measurements  at  that  spot.  A  steel  target  was  used  for  this 
experiment. 

Comparison  of  Amplitudes  of  PA  Signals  Generated 
by  bifferent~Target  MaterTTls 

In  this  experiment  the  target  material  was  varied  to  compare  the 
sound-generating  properties  of  different  metals  at  a  constant  Nd:YAG 
laser  power.  The  amplitude  of  the  sound  was  measured  at  1-min.  inter¬ 
vals  for  25-30  min.,  and  the  amplitude  was  plotted  as  a  function  of 
time.  Since  the  amplitude  of  a  sound  pulse  is  a  linear  function  of  the 
ratio  of  the  absorption  coefficient  to  the  specific  heat  of  the  mate¬ 
rial,  the  dependence  of  the  sound  amplitude  upon  the  value  of  a/Cp  was 
examined.  The  PA  signals  from  three  different  geometries  (target 
located  behind,  in  front  of,  and  well  in  front  of  the  focus)  were  mea¬ 
sured  and  compared  separately.  Only  point  sources  were  used  for  this 
measurement  in  order  to  make  the  source  more  uniform  and  to  simplify 


calculation  of  the  power  density  of  the  Nd:YAG  laser  beam  at  the  focused 
region. 

The  metallic  target  materials  used  were  (1)  stainless  steel,  (2) 
steel,  (3)  titanium,  (4)  titanium  alloy,  (5)  aluminum,  (6)  copper,  (7) 
brass,  (8)  tungsten,  and  (9)  nickel.  For  nonmetallic  target  materials, 
Plexiglas,  smoked  Plexiglas,  graphite,  Fiberglas,  ZrO^,  and  ceramic  were 
employed. 
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Verification  of  th£  Spherical  Propagation  of  PA  Signal 

The  relative  amplitudes  of  the  PA  signals  generated  from  a  point 
source  were  measured  at  different  radial  positions.  This  experiment  was 
performed  with  and  without  a  mask. 

Without  Mask.  The  results  of  relative  amplitude  measurements  at 
different  radial  positions  are  shown  in  Fig.  8.  The  amplitude  of  the  PA 
signal  at  downstream  positions  is  slightly  higher  than  the  value  calcu¬ 
lated  from  a  1/r  relation.  Without  the  probe-beam  mask  which  serves  to 
limit  the  area  over  which  the  pressure  wave  is  measured,  the  downstream 
radial  positions  intersect  a  larger  portion  of  the  HeNe  probe  beam, 
resulting  in  a  higher  measured  sound  amplitude.  By  limiting  this  area 
the  correct  radial  dependence  can  be  measured,  as  discussed  below. 

With  Mask.  The  actual  radial-distance  relation  measured  by  means 
of  a  small  aperture  is  shown  in  Fig.  8.  The  radial-distance  dependence, 
which  was  predicted  to  be  1/r,  was  found  to  be  consistent  with  the 
experimental  results. 

At  small  radial  distances  (up  to  15  cm),  an  aperture  size  of  0.7  cm 
was  used;  and  at  large  distances  (15-35  cm),  1.5  cm  was  used.  The 
amplitudes  measured  with  the  larger  aperture  were  calibrated  with  those 
measured  with  the  smaller  one.  Although  the  relative  amplitudes  with 
and  without  a  mask  are  shown  in  one  figure,  the  actual  amplitudes  differ 
widely. 

A  reference  point  was  set  at  3  cm  from  the  target  for  measuring 
amplitudes  at  short  distances,  and  each  measurement  was  compared  with 
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RELATIVE  DISTANCE 

Figure  8.  Radial  Distance  Relation  of  PA  Signal  from 
Point  Source  With  and  Without  Mask 

the  reference  value.  This  procedure  was  found  to  be  necessary  because 

of  the  gradual  change  in  the  PA  signal  with  time.  A  point  source  with  a 

radius  of  0.13  mm  was  used  in  this  measurement,  and  the  power  density  of 

g  ? 

the  Nd:YAG  laser  at  the  target  surface  was  1.16  *  10  W/cm  . 

Verification  of  Cylindrical  Propagation  of  PA  Signal 


Although  the  masking  effect  is  not  critical  in  this  measurement,  an 


aperture  smaller  than  the  length  of  the  source  was  used  to  measure  the 
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sound-propagation  properties.  In  this  experiment  a  6.7  cm-long  line 
source  was  formed  by  a  cylindrical  convex  lens  having  a  short  focal 
length  and  several  spherical  convex  and  concave  lenses.  An  adjustable 
aperture  after  the  optical  arrangement  was  used  to  ensure  that  a  rela¬ 
tively  uniform  portion  of  the  line  was  focused  at  the  target.  Because 
the  power  density  of  the  line  source  was  not  intenses  a  coated  aluminum 
plate,  having  a  high  absorption  coefficient,  was  used  as  a  target  mate¬ 
rial.  The  same  measurement  procedure  as  that  used  for  a  point  source 
was  employed  to  determine  the  propagation  properties. 

The  data  are  shown  in  Fig.  9.  The  reference  point  was  set  at  5.5 

cm  from  the  source.  The  power  density  of  the  pump  laser  at  the  target 
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surface  was  about  1.0  *  10  W/cm  .  As  shown  in  the  figure,  the  agree¬ 
ment  of  the  experimental  data  with  the  l//r  relationship  is  good.  Since 
a  line  source  can  be  considered  as  a  point  source  at  very  large  radial 
distances,  the  amplitude  relation  gradually  changes  to  1/r  at  large 
distances.  In  this  experiment,  the  PA  signal  propagated  as  a  cylindri¬ 
cal  wave  to  approximately  six  times  the  length  of  the  source  (i.e.,  33 
cm),  where  it  diverged  into  a  spherical  wave.  The  transition  appeared 
to  be  a  function  of  the  length  and  the  power  of  the  source. 

Although  the  results  are  not  presented  in  this  thesis,  a  very  short 
line  source  with  high  power  density  was  studied  in  the  same  manner.  The 
results  showed  the  PA  signal  to  propagate  cylindrical ly  to  more  than  15 
times  the  length  of  the  source.  The  propagation  dependence  of  a  cylin¬ 
drical  wave  on  the  pump  laser  power  and  the  length  of  the  source  was  not 
examined  in  detail  in  this  research  and  remains  for  future  investiga¬ 
tions. 
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Lateral  Amplitude  Distribution 


The  lateral  amplitude  distributions  of  the  PA  signals  from  a  point 
and  from  several  line  sources  were  examined  to  determine  their  diver¬ 
gences.  This  measurement  was  made  for  a  point  source  and  several  line 
sources  having  different  lengths  and  power  densities. 

Point  Source.  The  lateral  amplitude  distribution  of  the  PA  signal 
from  a  point  source  having  a  radius  of  0.13  mm  and  a  power  density  of 

Q  2 

1.16  x  10  W/cm  is  illustrated  in  Fig.  10.  The  distribution  was  meas¬ 
ured  at  radial  distances  of  14  and  29  cm.  At  14  cm  the  amplitude  of  the 
PA  signal  was  reduced  to  one-half  of  the  peak  amplitude  at  a  lateral 
distance  of  2.75  cm  from  the  center  for  each  side.  If  one  considers  a 
half-width  half-maximum  (HWHM)  region  to  be  a  sound  width,  the  diver¬ 
gence  angle  is  calculated  to  be  12°.  At  29  cm  the  HWHM  occurred  at 
5.5  cm  for  each  side,  and  the  divergence  angle  was  about  11°.  These 
measurements  indicate  that  the  point  source  radiates  sound  in  a  conical 
shape. 

Cylindrical  Signal.  Several  lengths  of  line  sources  were  investi¬ 
gated  using  different  power  densities  to  determine  the  lateral  amplitude 
distributions  and  divergence  angles.  The  results  are  shown  in  Fig.  11. 
The  divergence  angles  were  calculated  from  the  following  equation: 


U-f1  (S^J 


where  W  is  the  full-width  half-maximum  (FWHM)  of  the  amplitude,  L  is  the 
source  length,  and  R  is  the  radial  distance  from  the  source.  The  diver¬ 
gence  angles  were  calculated  using  this  equation  and  are  shown  in  Table 
V  for  each  line  source. 


LATERAL  POSITION 


Figure  10.  Lateral  Amplitude  Distribution  of  Spherical  PA  Signal 


According  to  these  data,  when  the  power  density  and  the  source 
length  are  large,  the  divergence  angle  is  small.  The  divergence  angle 
was  measured  to  be  about  4°,  which  is  much  smaller  than  the  point  source 
(about  11°).  If  the  source  is  more  intense  and  uniform,  one  can  expect 
the  divergence  angle  to  be  less  than  1°.  The  sound  profiles  shown  in 
Fig.  11  are  not  completely  uniform  because  of  the  laser  beam  profile  of 
the  unstable  resonator  pump  source. 


TABLE  V 

Divergence  Angles  for  Different  Line  Sources 


Power 

Density 


Source 

Length 

Radial 

Distance 

0.8  cm 

9.6  cm 

19.8  cm 

1.8  cm 

9.6  cm 

19.8  cm 

1.9  cm 

3.4  cm 

f  - 

8 . 1  cm 

3.5  cm 


20  c 


3.44  x  1011  W/cm2 


1.63  x  1011  W/cm2 


8.85  x  107  W/cm2 


Divergence 

Angle 


Verification  of  Pump-Laser  Power  Dependence 


The  amplitudes  of  the  PA  signals  were  measured  as  a  function  of  the 

Nd:YAG  laser  power.  The  results  are  shown  in  Fig.  12.  The  amplitude  of 

the  PA  signal  generated  from  a  steel  target  varies  linearly  with  the  pump- 
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laser  power  up  to  a  power  density  of  about  1.1  x  10  W/cm  ,  and  then 


flattens  out  due  to  saturation.  In  this  experiment,  the  power  density  was 
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varied  up  to  2.6  x  10  W/cm  ,  and  little  increase  was  observed  in  the 
amplitude  of  the  PA  signal  beyond  saturation. 


RELATIVE  AMPLITUDE 


Figure  12.  Sound  Amplitude  vs.  Power  Density 


Comparison  of  the  Amplitudes  of  PA  Signals 
Generated  by  Different  Target  Materials 

The  amplitudes  of  the  sound  pulses  were  measured  along  with  the 

time  response  for  various  target  materials.  This  experiment  was 


performed  with  various  pumping  geometries,  i.e.,  the  target  was  placed 
slightly  behind  the  focus,  in  front  of  the  focus,  and  far  in  front  of 
the  focus. 

Target  Placed  Slightly  Behind  Focus.  The  main  purpose  of  this 
geometry  was  to  investigate  the  plasma-generating  properties  of  the  tar¬ 
get  materials  (42:213-275).  When  an  intense  laser  pulse  is  absorbed  on 
the  surface  of  a  solid,  the  resulting  temperature  rise  at  the  surface 
can  be  sufficiently  large  to  ionize  the  surrounding  air.  This  phenome¬ 
non,  which  appears  as  a  bright  blue-white  plasma  close  to  the  target  sur¬ 
face  (see  Fig.  13),  was  not  studied  in  detail  here;  however,  several  good 
plasma-generating  materials  were  found,  and  the  effect  of  the  spark  was 
examined  by  comparing  the  average  amplitude  of  the  sound  generated  with 
a  spark  and  that  generated  without  a  spark.  The  data  of  this  experiment 
are  shown  in  Fig.  14.  Stainless  steel  was  found  to  be  the  best  and  most 
consistent  sound-generating  material.  Nevertheless,  the  sound  generated 
by  titanium  was  stronger,  although  these  data  are  plotted  in  the  middle 
range  of  the  figure.  The  reason  for  this  is  that  the  titanium  generated 
a  significant  plasma  spark  which  reduced  the  laser  power  density  at  the 
surface  due  to  the  broadband  absorption  of  the  plasma  spark;  thus,  the 
average  sound  amplitude  was  smaller  than  that  in  many  other  materials. 

The  stainless-steel  target  consistently  generated  very  strong  sound 
without  plasma  sparks.  The  aluminum  target  generated  the  strongest 
sound  for  the  first  minute  but  melted  easily  and  was  etched  by  the  pump 
laser  beam;  therefore,  the  sound  amplitude  degraded  rapidly  after  the 
first  few  minutes. 

A  titanium  alloy  (90%  titanium,  6%  aluminum,  and  4%  tantalum)  was 
used  as  a  target  and  generated  strong  but  inconsistent  sound.  The  sound 
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generated  by  the  titanium  alloy  was  very  unreliable.  Brass,  which  is 
70%  copper  and  30%  zinc,  was  also  a  good  sound-generating  source.  It 
often  generated  plasma  sparks,  however.  Copper  yielded  nearly  the  same 
results  as  brass  but  was  etched  slightly  faster  than  brass  and  the  sound 
amplitude  decreased  after  about  10  min.  of  exposure  to  the  laser  beam. 

An  interesting  observation  was  that  tungsten  generated  rather  weak  sound 
and  was  etched  easily.  A  ceramic  was  also  used  as  a  target  material. 

It  generated  about  the  same  amplitude  of  sound  as  brass,  but  the  sound 
level  decreased  gradually.  The  sound  generated  from  i.he  nickel  alloy 
was  very  unstable,  as  shown  in  Fig.  14.  Some  other  non-metallic  mate¬ 
rials  were  examined,  but  they  were  etched  very  rapidly.  The  power  den¬ 
sity  of  the  pump  laser  at  the  target  surface  in  this  experiment  was  1.16 
x  109  W/cm2. 

Target  Placed  in  Front  of  Focus.  In  this  experiment  sound  genera¬ 
ted  by  materials  without  a  plasma  spark  was  examined,  and  the  best 
sound-generating  material  was  determined.  The  results  are  shown  in  Fig. 
15.  As  noted  previously  pure  titanium  was  determined  to  be  the  best 
sound-generating  material.  Steel  and  stainless  steel  yielded  the  same 
results  as  in  the  previous  experiment.  Brass  and  copper  were  also  good 
and  consistent  target  materials,  but  the  amplitudes  of  the  sounds  gen¬ 
erated  by  them  are  smaller  than  those  from  steel  or  stainless  steel. 

Tungsten  was  concluded  to  be  a  poor  target  material.  The  power  density 
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of  the  pump  laser  used  at  the  target  surface  was  about  3  x  10  W/cm  . 

Target  Placed  Far  in  Front  of  Focus.  In  this  case,  the  target  was 

placed  far  from  the  focus,  where  the  radius  of  the  beam  spot  was  0.71  mm 
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and  the  power  density  was  2.37  *  10  W/cm  .  From  Eq.  (10),  the 


temperature  rise  AT  at  the  surface  was  about  16°C  for  steel,  when  the 
absorption  coefficient  of  steel  was  assumed  to  be  one. 

Very  interesting  results  were  obtained  in  this  experiment,  as  shown 
in  Fig.  16.  Titanium  and  titanium  alloy  generated  the  strongest  sounds 
even  in  this  case.  The  amplitude  of  the  sound  did  not  decrease  but 
increased  gradually  and  was  fairly  consistent.  For  steel  and  stainless 
steel,  the  amplitude  of  the  PA  signal  increased  for  the  first  13  min., 
decreased  very  rapidly  after  19  min.,  and  then  increased  again  after  23 
min.  For  aluminum,  the  sound  amplitude  increased  very  rapidly  for  the 
first  3  min.  and  then  decreased  very  rapidly.  Brass  generated  nearly 
the  same  amplitude-variation  pattern  as  in  the  well -focused  case.  For 
nickel  and  copper  the  amplitudes  increased  gradually  until  they  reached 
almost  three  times  the  intensity  observed  during  first  1  min.  The  basis 
for  these  results  was  not  treated  in  this  research  and  remains  for 
future  studies. 

Dependence  of  PA  Signal  upon  Absorption  Coefficient  and  Specific 
Heat.  A  change  in  material  means  a  change  in  the  absorption  coefficient 
and  the  specific  heat  of  the  target.  These  parameters  could  not  be 
examined  separately  in  this  study.  The  sound  amplitude  for  each  mate¬ 
rial  is  related  to  the  ratio  of  the  absorption  coefficient  to  the  spe¬ 
cific  heat  of  the  material.  The  absorption  coefficients  and  specific 
heats  for  the  materials  employed  in  this  experiment  are  listed  in  Table 
VI.  Since  the  absorption  coefficients  at  the  frequency  of  the  Nd:YAG 
laser  (1.064  ym)  were  not  obtainable,  those  of  solar  radiation  were  used 
in  this  table.  However,  even  the  absorption  coefficients  for  solar 
radiation  were  not  sufficiently  known.  The  thermal  conductivity  was 
listed  in  the  table  to  relate  the  amplitude  of  the  PA  signal  to  the 


48 


ALUMINUM 


_L 


-L 


_L 


_L 


10 


12 


14 

TIME 


16  18  20  22  24  26 


Figure  16. 


Sound  Amplitude  Variation  for  Materials 
Located  Far  in  Front  of  the  Focus 


Absorption  Coefficients,  Specific  Heats,  Thermal  Conductivities,  and  Generated 


thermal  conductivity.  According  to  the  Patel-Tam  model,  the  lower  the 
thermal  conductivity,  the  larger  the  sound  amplitude  for  a  given  pump 
power  density.  The  sound  amplitude  listed  in  the  table  is  the  average 
value  for  the  first  minute;  therefore,  it  differs  slightly  from  the 
amplitude  of  the  sound  without  melting  and  surface-variation  effects. 

For  the  well -focused  case,  the  amplitude  of  the  sound  is  different 
from  that  expected  due  to  the  saturation  effect.  The  first  PA  signals 
produced  in  the  mildly  focused  case  during  the  first  minutes  provide  a 
better  source  of  comparison  for  the  absorption  coefficients  and  the 
specific  heats.  However,  the  sound  amplitude  could  not  be  related  to 
the  ratio  of  absorption  coefficient  to  specific  heat.  It  is  believed 
that  these  results  were  obtained  for  the  following  reasons:  1)  the 
absorption  coefficients  for  solar  radiation  are  different  from  those  for 
the  Nd: YAG  beam,  2)  the  surface  conditions  of  the  targets  were  not  the 
same,  and  3)  the  pump  laser  beam  intensity  was  not  uniform. 

For  high  power  density,  which  is  more  useful  in  practical  applica¬ 
tions,  the  sound  generation  depended  not  only  upon  the  absorption  coef¬ 
ficient  and  the  specific  heat  but  also  upon  other  properties  such  as 
melting  point,  annealing,  temperature,  stress,  and  surface  conditions. 


VI .  Summary 


The  purpose  of  this  study  was  to  investigate  the  characteristics  of 
photoacoustic  signals  generated  at  the  surface  of  condensed  matter.  The 
dependence  of  the  peak  pressure  of  the  photoacoustic  signal  upon  the 
radial  distance  and  the  pump-laser  power  level  was  determined  and  com¬ 
pared  to  the  model  of  Patel  and  Tam. 

The  results  of  this  study  indicate  that  the  dependence  of  the  peak 
pressure  upon  radial  distance  and  pump-laser  power  level  agrees  with  the 
predicted  dependence  of  the  model  of  Patel  and  Tam.  However,  deviations 
from  this  model  can  occur  for  cylindrical  waves  at  large  radial  dis¬ 
tances. 

The  lateral  sound-amplitude  distributions  were  examined.  From 
these  results  the  divergence  angles  of  cylindrical  and  spherical  waves 
were  calculated.  Because  of  the  lower  radial  divergence  of  a  cylindri¬ 
cal  wave  as  compared  to  a  spherical  wave,  the  line  source  appears  to  be 
better  suited  to  practical  applications  such  as  non-contact  flame  tem¬ 
perature  measurements.  Through  investigation  of  the  sound  amplitudes 
generated  at  the  surfaces  of  numerous  samples,  the  optimum  sound¬ 
generating  material  (titanium)  was  found. 

The  model  of  the  peak  pressure  of  photoacoustic  signals  was  not 
fully  verified  due  to  the  limitations  of  the  experimental  apparatus  and 
the  lack  of  absorption  coefficients  of  the  materials  at  the  pump-laser 
frequency. 
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